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APSTRACT

Complex spacecraft requiring a "drag-free” capability are often troubled
by disturbances due to self-gravity and charge. To cope with these, estimotion
tochniques, derived from modern contral theory, have been proposod. This report
prosents the results of u'study of the feasibility of applying those techniques.
Throughout, special reference 1s made to the Solar Probe, a spacecraft for which
these problems are regarded as unusually difficult. However, wide application

of the technique to other missions is foreseen.
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1. INTRODUCTION AND SUMMARY
1.1 Statement of the Probiem

Within the past few years, interest has grown in & close £1ight past the Sun-
the Solar Probe. Amongst the mission objectives,
here as “radiometric science".

a particular set is reterred to

The set consists of all the scientific information
that is potentially extractable from the Probe's orbit by DSN tracking. This in-

cludes the solar oblateness and other gravitational potential terms, measurement

of some of the relativistic FoN parameters, and, possibly,

Early in the mission design, 1t was recognized that uncertainties in the external

forces, primarily solar pressure, would affect the orbit far more than the parameters

that are intended to be measured. To circumvent this it was proposed to fly a drag

compensation system. This is based on an instrument in which a small dense ball or

"proof mass" floats free in a larger spherical cavity. Whenever the ball gets too

close to the wall, an appropriately placed thruster is fired to keep the spacecraft

away. Since the ball is protected from ali external forces except gravity, it flies

a "drag-free" orbit; and the spaceeraft is never far behind. In 1973 this arrange ient

was flown aboard the navy TRIAD satellite and demonstrated drag compensation at the

10'10 m/sec2 Tevel (10'1] g)s in spite of air drag and solar pressure effects that

were orders of magnitude larger,

In Chapter 3 below, it will be shown that variations frem a drag-free trajectory

must be suppressed, or at least known, to within an overall error of 10“8 m/secz. This

requirement could tighten, if better tracking is available than is there assumed. In

Reference 1, it is shown that even the 10'8 m/sec2 level isn't feasible without drag
compensation. Early rough calculations along these lines, together with the known

TRIAD performance,

Unfortunately, the Solar Probe is a rather hostile environment for a drag-free

instrument; and by mid-1978 it was widely perceived that the TRIAD design, as is, could

not be counted on to perform, even at the 10'8 m/secz level. One of the problems is

self-gravity — the gravitational attraction of the ball to every other part of the
1

the solar angular mementum.

seemed to assure that the Solar Probe requirements could easily be met.
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Spacecraft.  On a rigid spacecraft, this effect could he balanced by a counterwelght
(as on TRIAD), or merely allowed for in analyzing the actua) trajectory. On Solar
Probe, however, articulated antonnas and instruments, sloshing Tiquid propellant, and
a thormally unstable main structure, all complicated the picture,

The other main prablem is charge. Unpredictable Tevels of highjennrqy radiation
can cause unsymetrical charge transfer between the cavity walls and the proof mass.
The resulting charge on the ball causes it to be attracted to the nearest wall. TRIAD
did not suffer greatly from charge buildup, probably because 1ts orbit was low énough
to avoid most of the Van Allen radiation. However, some electrostatically supported
gyros and accelerometers, with very similar geometries, have observed charge effects,
poth in orbit and in the laboratery. A recent estimate for Solar Probe (Reference 2),
indicates that very severe charging could occur in both the Jovian and solar environ-
ments. In Chapter 2 below, it is shown that these levels are incompatible with even
the relaxed performance requirement of 10'8 m/secz.

In late 1978 it was proposed to solve both 6f these problems by an application
of estimation theory, together with a set of new on-board measurements. The propo§a1
became RTOP 790-40-15 (-05), which was accepted, and funded equally from three NASA
Divisions (Codes RSS, ST-5, and SC-7). This Final Report is the culmination of the
resulting feasibility study.

The report is organized as follows. In the next section, an overview of estimation
theory will be given, as applied to the present problem. Following that, the subject
of in-flight calibration is introduced. This natural companion of estimation was not
studied, due to lack of funds; but several ideas along this 1ine were suggested by
the study team members and are presented here, The introduction closes with a summary
of the results and conclusions of the study.

Chapters 2-4 give a more detailed discussion in each of the three main areas of
study — the on-board estimator, the ground estimation process, and the self-gravity
model. In each case they were writtoen by the team member who did most of the work.

Because of the central role Played by the drag compensation system in the Solar Probe
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spacecraft and mission design, these three diverse views mérit close attention by those
directly concerned with the Solar Probe mission, |

In retrospect, prior to this study, whether a drag compensation system was
regarded as a tool for navigation, for aeronomy, or for the'study of gravitational
fields, 1t has widely been regarded.as imposing very difficult constraints on the
spacecraft and system design, The Solar Probe, by 1mposjng 1ts own .barely tolerable
constraints, has caused a rethinking of this position. The authors believe that the
addition of estimatton.technigues to drag compensation'systems will tend to cause

them to be viewed as just another spacecraft system.




1.2 Estimation

Since the main tool. for improving drag-free performance discussed here 1s
astimation, and as the essential rdeas are not widely known outside the controls
fi0ld, this section is dovoted to an exposition of those ideas, It 1s, howover,
éunfined to those aspects of the f1eld that presently appear to he relevant to

the draé-free problem.
|

To begin, suppose some physical process is thought to be described, with

adequate accuracy, by a set of first order ordinary differential equations:
X = F(x,t) + w(t)

Here, ﬁhe vector x is referred to as the "state" of the system, the set of
functions F are the known drivers of the process, and w is a random disturbance
vector, for which some statistical information may be avaflable, In controls
jargon, w is referred to as "process noise".

Also, suppose that there exists a set z of measurements of the process.,

which can be modeled as:
2 = H(x,t) + v(t) (2)

in which the functions H are the known model of the measurements, and v is a
random measurement noise vector, for which statfstical information may exist.
Finally. suppose we were to build a model of the system. After deleting the
unknown disturbance w from (1), that system could be integrated, yielding some
supposed state history x(t). Putting this into (2). and fgnoring the unknown
noise v, a prediction of the measurcments H(x,t). could be computed. Of course,
oven if the initial state x(0) were guessed perfectly, the prediction H would in

general diverge trom the actual measurcments 2(t).

4




In an "estimator", we put this divergence to work hy feeding back the
measueament discrepancy. Letting x be the “ostimate" of x, an ostimator based
on (1) and (2) has this form:

X F(Rat) + K(t)[Z - H(R,t)) ()

where K 1s a rectangular matrix of time varying fecdback aains. Loosely speaking,
1f 1t fs possible to find gains K(t). such that cxcept for w and v, H(;.t)~>z. and
2-*x. then the state x 1s said to be "observable" by the measurements z.

There are several possibilities for K. If the Joint covariance of w and v is
known, then K(t) may be derived from a theory due to R. E. Kalman, which strives to
minimize the integrated, weighted covariance of X - x. An estimator based on that
theory is often called a "Kalman filter." 1In the case that F and H are not explicitly
time dependent, and that w and v are stationary random processes, it often happens
that the Kalman derived K(t) ~K_ asymptotically, where K 1s a constant matrix. If
K, 1s used n (3), the estimator may be slow to converge; but it's much easier to
build. For this reason, a constant K may be attempted, even if all this time
independente and stationarity doesn't hold,

In some cases, a more sophisticated feedback {s required than that allowed
i (3). One form of this occurs when there are uncertain or stowly changing parameters
in the F or H functions. Suppose a is a vector of these parameters. It is common
practice to append o to x, and extend the state equations (1) by o = 0. The estimate
x is extended in the same way by &. and the appropriate equations are appended to (3).
This scheme permits a direct extension of Kalman theory to estimate o along with x,
but there is no guarantee that the augmented state will continue to be observable.

More radical departures are possible in which the vesiduals z - H(x,t) appear
nonlinearly in (3). For instance, settling times can be fmproved at the cost of

greater sensitivity to v and w by raising K when large residuals are encountered.




A mare sophisticated tochnique is to vogaed Targe residuals as a symptom that tho
covarfance of w and v has been undorestimated, 11 this additianal feedback 14
tnstitutod, and K Is continuously evaluated from Kalman thoory, 1t will rice in
response to fnerensed vosiduals,  These tochniques for mpraving estimator performance,
and others, are usually reforved to as "adaptive" ¢11tare,

To see how all this applios to the present problem, considor the qround estimator
for radfometric science. A possible (simplified. nonrelativiatic) atructuro for

this would “se state variablos

x = [R,V,u] (4)

where R and V are heliocentric position and velocity of the proof mass and « would
include the scientific parameters of interest, uncertain parameters of the DSN, and

suspected system biases. The state equations corresponding to (1) could then take

the form:

\
R=V
~ \
Vo= BR,E) + F() + w(t) (5)
o =0

Here g is the gravitational acceleration due to the Sun and planets, f is the
combined self-gravity and charge disturbing acceleration as determined by the on-
board estimator, and W(t) comprises the errors in both ¥ and g. An alternative
formulation, in which (t) 1s integrated on-board {s discussed in Chapter 2 bélow,
and 1s being actively considered. Whatever modifications to (5) are finally chosen,
a ground estimator of the type (3) would get {ts measurements z from the DSN.

A structure similar to (5) for the ground estimator is analyzed in Chapter 3
below. It is shown there that for reasonable assumptions on the DSN measurement
noise, the ability to extract 02 of the Sun ( a component of o) approsches its
theoretical peak, provided the standard deviation on th).x\w ¢ 10" m/sec

6
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However, possihle improvements in the DSN, and the nead to free more scientific
parameters than just Jg. Indicate that we should aim hdgher, 1.0.‘3w < 10"ﬂm/sncf
OF course, indfvidual contributions tg the error 1n estimating ¥ oh board must bo
held on a sti11 tighter Jeash,

Turning now to the oneboard ostimator, 1ts purpese 1s to provide f in some
forin to the ground estimator, A number of conceptual difficultics make this problom
harder than 1t at first appearcd, so that evon now, 1t 15 uncloar what the state
variables should be, or how the state equatiens (1) should look. Some of these
difficulties will be touched on here - their resolution will have to await future
affort,

The first problem 1s coordinate systems. Unlike the ground problem, there is
nothing here even resembling inertial coordipates. Even the proof mass is acted
on by the unknuwn ¥, and 1t has no natural attitude reference. Perhaps best are
cavity coordinates,‘where the origin 1s at the center of the cavity, and the axes
are fixed in the instrument and aligned to the spacecraft attitude sensors. The most
critical measurement is the position Fﬁ of the proof mass in this system. It may
be assumed that the rotation connecting cavity coordinates to the heliocentric
coordinates of the ground estimator is available from the attitude determination

system,

The utility of cavity coordinates is best seen by expanding ¥ within them:

f = ESGO + ﬁb?b + Eé(q.?é, Vi) (6)

Here, ESGO is the acceleration that would be seén by the ball if it were centered
in the cavity, Eb 1s the tensor gradient of HSG as seen at the center, and 5? is
the electrostatic acceleration, shown as a function of the charge g on the ball,

Fﬁ, and the set of potentials V, of the plates in the cavity. That the two self-

gravity terms used in (6) give sufficient accuracy is demonstrated in Chapter 4.
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If 5& did not exist, it would be relatively straightforward to evaluate F. A
combination of pro-flight measurements, in-flight calibrations, and various on-board

mass, mction, and temperature sensors could he used to determine 5560 and ﬁb; and

the proof mass position sensor of course measurcs'FB. In part, the Eéterm is
difficult because 1ts functional form is not yet established. Progress 1n this di-
rection 1s reviewed in Chapter 2. A qood deal of further work will be needed to
complete this, and find reasonable approximations to the exact solutions.

Far more important is the fact that while FB and the potentials V1 may be
directly measured, there appears to be no simple way to determine q. Methods for
discharging the proof mass are under development at Johns Hopkins University Applied
Physics Lab; but there has been no testing and no publication of their analysis. A
direct measurement of q by means of its effect on the cavity electric field has
been suggested, but the precision needed for such a sensor at the largest q values
makes this doubtful,

The approach discussed in Chapter 2 is simple -~ ip principle. A set of six
plates in the cavity are used as a position sensor in the TRIAD design. If time
varying potentials vi are applied to these plates, a motion of the proof mass will
result, depending in part on EC . An analysis of this forced motion can présumably
yield q. Theoretically, the best way to go about this is an estimator, in which q
is one of the state variables, with the state equation q = 0. The structure of the
estimator would include the expressions (6), and would have to predict Fé. The
difficulty is that many other things contribute to FB --attitude motions, center
of mass shifts due to a variety of causes, external forces on the spacecraft, and

thruster firings. A full treatment of all this might require an estimator of 20

states or more.

While the study is yet to be altempted, there is an excellent chance that all this
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complication 1= unnecessary. Since the motion in all threo axes is corvelated, ‘
and as. the different pairs of plates could be excited with different frequencies, j
and as these frequencies could be chosen to avold ather known metion frequencies,
some of the drivers of s might. be fgnored, How many state variables could bhe
deloted 1n this way, while retaininag sufficient accuracy in the determination of q
is not known. On the other hand, m:ch of the estimation task Just described is

, needed anyway for the spacecraft attitude determination system. Thus, a merqging

of the spacecraft drag-free and attitude estimators may be desivable. Much work

will be needed to ctarify all this.




1.3 In-Flight Calibration

Within the mathematical models used 1o the on-beard and ground estimators,
there are a numbor of Fixed parameterss c.q., the self-aravity ferms in ageq and
GO that don't depend on moving or changing masses, and Farth ephemeris and track-
ing station Yocatdon pavameters, For many of these pavameters, it is belioved
that the bost a priori estimates of their values will be inadequate and that some
kind of in-flight assessment is required. Indeed, in the ground ostimator simu-
lation discussed in Chapter 3 telow, very modest Earth ephemeris errors completely
prevented filter convergence,

Consider a parameter p appearing in either the ground or in-flight state
equations (1), or in the measurement models (2). If there is reason to believe
that p may chanqge in flight, then it may be added to the state equations as ﬁ = 0,
and the estimator may be augmented as discussed in the last section. If a model
for the variation of p exists, then we might improve this to ﬁ = model. On the
other hand, if we are merely uncertain of the value of p, and don't believe it
can change, we may opt for in-flight calibration. In this case, we pick a time
when we are far from the Sun, and deliberately excite some motion such that the
measured quantitics will depend upon p, which is then estimated by the technique
just discussed. During the critical parts of the missfon, the augmentation is
deleted from the estimator, and p is fixed at the value determined by calibration.

The obvious advantage of in-flight calibration of some parameters over
continuing estimation is the smaller set of estimation eguations during the
critical parts of the mission. This is especially important for the on-board
estimator: but oven on the ground, the possibilities for reducing the a priori
covariance of the Farth ephemeris and station location errors before perihelion
passage are attractive. The expected worsening of doppler tracking near the Sun,
due to coronal eftfects, adds importance to such a calibration.

The disadvantage of calibration is equally obvious  tor ecach calibrated

10
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parameter 1t 1s necessary to justify the assumption of time invariance.- Jo
alloviate this somewhat, 1t 15 intended to have several calibration periods on
both sides of periholion, If a parameter changds significantly between cali-
brations, a post-flight correction may be possible,

It had.been intended to investigate the possibilities for in-flight
calibration during the present study, but lack of funds forced its deletion.
Nevertheless, during the course of the study, a number of sugaestions have been
made. For example, the main self-gravity terms, 5§GO in (6), can be.cvaluated
by flying drag-free for long petiods far from the Svh, whe 1ittle ar no
compensation will be needed. The solar pressure effects can be distinguished
from outgassing and propellant ledaks by rotatingthe spacecraft, ahd both can
be distinguished from proof mass disturbances by ground tracking. The gradient
terms 50 can be excited by articulating parts of the spacecraft, or modifying
the drag compensation law, ar both, to produce an Fb history that covers the
cavity.

The suitability of the actual vector futiction EE for charge effects in

(6), and the parameters within it, can probably be established in ground test;
however, a recalibration during flight is certainly desirable. During quiet parts
of the mission, the charge q on the ball is liable to be small, especially if

it has been recently uncaged. On the other hand, external forces will also be

small, reducing interference due to unmodeled variatiohs in FB. As a further
aid in identification, excitation of any plate pair causes correlated motions in
all three axes, a correlation which is increased if other plate pairs are excited
at different frequencies. Calibration sensitivity can be further increased by
operating with the ball quite close to the wall — sensitivity increases logarithmi-
cally with decreasing gap width.

Since the main on-hoard estimator has not yet been worked out, it is

unclear, at this writing, whether the parameters in the spacecraft mass model
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(mass, o, dnertia tensor) will be individually observable.  Certainly, any
fmportant of focts due to artieulated mombers can be seen by merely moving
those mombers,  Since many pavametors arve involved, mich work will he needed to
clavify this,

The biggest uncertaintios in @ charge astimation process probahly Tie in
the solar prossure and propulsion models,  To got sofar pressure parameters, wo
will need catibration periods velatively close to the Sun, in which the shield is

pointed at the Sun, and also displaced from 1t in both divections, for long enough

to make the various effects obsorvabloe.  The possibility that changes in the shiold's
surface properties, near perihelion, may render calibration inadequate. must be h
seriously considered, As‘For propulsion parameters, the torce and torque histories, i
during a firing of any thruster, can probably be deduced on-board by analysis of the
s data in an appropriately oxtended main estimator, Times rvemote from the Sun are
probably best for this. However, to believe in this kind of a calibration, it

will have to be shown that variations due to propellant temperature and catalytic
bed history can be ignored, or at least adequately modeled.

Finally, there are some uncertain pavameters in the around filter. These
include the ephemeris constants of the Earth's orbit, the around station antenna
Tocations, clock errors, doppler extractor biases, and the parameters of the
coronal propagation model. For all but the Tasi, some long drag-free periods,
when 1ittle compensation is needed, could yield significant improvements. As
for coronal problems, it is expected that a solar occultation will occur in the 4

early portion of the trajoctory. If so, it will permit a test of the propagation

model, and a calibration of its parametors, under conditions similayr to those at

{
!
encountoer, 1
As this discussion has shown, a great deal of work will be needod to 3

i

design practical caltibration sequences, investivate the observability of the

parameters to be calibrated, simulate the process, and apply the results in

1




future system design iterations, The rosults will be critical in determining the
accuracy with which we must measure the calibrated pavameters before depavture,
and in working out mission sequencing and operations, They also provide necessary
fnputs to the scionce simlation for determining the overall performance in

achieving the vadiometric science ohjectives,
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1.4 Summary of Results

The assumptions and vosults of the study are complex, and ave dealt with in

detall in the following chaptors,  Heve 15 a distilation to alve an overall feel.

ing for Lhe problem,

Chapter & deals mainly with the on-boapd estimator, A tentalive structure

was proposed and a covarfance study was done, as with the ground estimator.

The main conclusions are:

o The estimator, 1imited by modeling errors below and complexity ahove,

will probably be in the range of 10 to 20 states,

The structure can be arranged to integrate the deviation between the actual

and a truly drag-free trajectory. For white Gaussian modeling ervors of

¢

-10 ? . .
10 ! m/sec” in each axis. the covariance was integrated on a parabolic

orbit, inside of 0.25 A.U. The results were errors in the deviation of

3-10 m at perihelion, and 100-300 m at the outbound end.

The charge problem is also addressed in Chapter 2. This includes charge-

discharge mechanics, an electrostatic force model, and the design of a charge
fdentification system.

The main findings are:

¢ O0f all charging effects, the worst appears to be secondaries from external
high-energy electrons. The worst time for this is 1ikely to be Jupiter
encounter, 1f no flare is active near the Sun,  Near Jupiter, a ball
charge of'blo'g coulomb is possible, leading to a potential of 20 kV.
Spark discharges would probably prevent higher potentials in any case.,

¢ Without charge identification, holding the acceleration due to this below

- 2 ¢ _3
10 ? m/sec” requires that the charge should not exceed about 2 x 10 !

coutomb, Thus, efther discharge to this level (about 40 V), or charge

-
Tdentification is required.

1’



o —Na proven discharge technique appears to exist: but identification by

electrostatic forcing and estimation looks feasible,

Chapter 3 Tooks at the ground esthwator, A simplified Kalman filter was
constructed and a cavarfance analysis was performed relating the tracking and
drag-free estimation errors to the level of accomplishment of the radiometric
science objectives, While, for simplicity, only the extraction of the solar J2
was considered, many variations in the orbit, and the type and quality of track-
ing and drag-free data were studied. Here are some of the conclusions:

¢ The accuracy with which J, can be determined, wdz. depends strongly on

the orbit chosen. Quite apart from the obvious improvement from a closer
perihelion, the orbit planned for Solar Probe at the time of this study
was not the best for this purpose.

¢ At present levels of accuracy, rahge and angle information do little

to augment the basic doppler tracking data; i.e., the filter runs nearly
as well without them,

¢ If.the doppler noise is taken as o

r
timation random error goal of 1078 m/sec2 (10'99) should be adopted. Drag-

= 0,5 mm/sec, then a drag-free es-

free errors smaller than this will not significantly reduce udz. However,
a tighter goal should be set if a smaller A can be assured.
Finally, Chapter 4 is concerned with the sclf-gravity model, particularly
the effect of moving masses. For charge estimation, the center of mass is also
a concern. Here are some results:
® Except for parts extremely close to the drag-free sensor, the effect of
moving masses on the center of mass is more important than the change in
self-gravity.
$ Sclfegravity variations due to high-gain antenna motion may be neglectable.
The effect on the center mass is not.

& If the imaging instruments are articulated as a whole, the self-gravity

variation is significant.
15




¢ Location of propellant to 1-2 cm is necessary for center of mass
knawledge, and 1ts mass must be known to botter than 1 kg for self-
gravity, A special tank will be needed for this,

¢ Thermal-structural stability of 1 cm or better 1s adequate to neqlect

self-gravity variations from this source.  Much better stability is
needed 1f center of mass variations are to be neglectoed, indicating
that structural monitoring, by stratn gauges, or temperature sensors,
or both, will be needod.

It must be pointed out that most of these conclusions were derived from
an overall drag-free estimation accuracy requirement of 10'8 m/secz. which came,
in turn, from a doppler accuracy specification of 0.5 mm/sec. More acturate
tracking systems, now being proposed, would tighfen the drag-free accuracy, and
the above conclusions.

It should also be pointed out that the work, on which most of this is
based, simulated a filter in which the solar J2 was the only quantity extracted.
The actual filter will attempt to find several other parameters: e.g., relativity
parameters and the solar angular momentum. The final variance for some of these
parameters may prove to be more critically dependent on the drag-free data than
is JZ. That is, estimation accuracy substantially better than 10'8 m/5902 may

be desired, even if the doppler data is not improved.

16
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2, ON-BOARD ESTIMATION

Tha on-board estimator for the Holar Probe has ovalyed from the following
conpiderations:
1)— What information ean the pround eatimation process heat uin?

2) What tolemetry bandwidth 1a avaltable for roturning this
information to Farth?

3) What ostimator structuro 18 feasible to implemont in roal time
aboard a flight computer?

4) what information-is avallable (eithex a priori or measured)
to the on=hoard estimator?

dome of the results of this study have led to the following conclueions:

1) 1In order for the ground estimator to climinate the effects of
self-gravity and proof mass non-gravitational forces from the spacecraft
trajectory, these forces, or the effect of these forces, must be obtained,
along with their agsociated statistical covariance.

2) Due to the low bandwidth telemetry requirement of the Solar Probe,
it is required that an averaged or integrated effect of the proof mass
disturbances be radioed to Earth, rather than the raw sensor data.

3) Effort has been made to implement an estimator using linear system
theory. This results in gimple system models, and allows the wide body
of knowledge pertaining to linear estimator theory to be applied. Since
all computation must be performed in real time, the order of the estimator
must be no larger than 10 to 20.

4) The oun-board sensor information available to the estimator is
the drag-free sensor, and any additional sensor information on the spacecraft

mass distribution, charge, magnetic properties, etc.

2.1 Structure of the Estimator

A simple model for the proof mass disturbance cvolves in the following

digression, Consider an inertial frame of reference. (See Fig. 1) In this
17
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vatarence (ramo, it is assumed that s model of the proof mass forees han
hoont provided,  Thin model will asnume the following form whon the dvas-
Froe control pystem bn working properiy:
ﬁ
v 1 gt
I (N

mn
pm

whore mpm La the mans of thoe prool mann, £ In the proof mans posltlon velattve
to an fnertial frama, K In the extornal pgravitational aceeterat ton, and

ﬁl u mme‘ Ly the Inteenal force appliod on the proof mass by portions of

the apacceraft,  In order to fly a drag=free orblt to a level reguived by

the Solar Probe Miastion, {l must be known or estimated to high prectsfon,

A more detailed examination of ?i now follows, ?1 18 composed of
scelf-gravitational forees, clectrostatic forces, magnetic forees, pickoff
forces, brownian motion, ete., listed roughly in deereasing order of
importance. With the use of a (perhaps 20th td 100th order) model of all
the forces on the proof mass, and an inertial measurement of spacecraft
position, it becomes possible to "fit" best coefficients to the modeled
function form, e.g. to determine various gravitational harmonic coefficients

of the Sun, and to distinguish these effects from self-gravitation forves

and other internal forces, It is not realistic to assume that such a hiph-

order estimation scheme can be implemented in real time using the on~board

computer, At best, only 10 to 20 real time integrations should be assuwed
available,

However, this low buandwidth faformation is not actually required from the

on-board evstimator. 1ts purpose should be to provide the high bandwidth
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’ informatdon (which may have a non-zora averaged affeet) to the ground
= astimator, olther directly, or move denlrably, In nome Inteprated form,
Y

Thin Iatter nehone will bo oxamined {n groater detall,

2 ol f=Grayity

v order to mako the spacocraft g drap=froe aatollite, vome offort
Lo dovotod to orgasdalng the mass distribution of the natollito 1n n
sphorleally aymmetyic cont Lguration, Howevar, due to Ialetal
catibratton ervora, ryel depletion, moving madued,  thermal offocta,
etes, the net foree and {ts gradient, at the contor of the proof mavs
housing 18 not zero, and thus, drap={roe errors are produced. The effocts
of thuese terms can be estimatoed using the followving approach.

bongider the quantity ?1‘ the intetnal spacecraft acceleration on the
proof mass. 1t will be asgumed that this acceleration can be represented
in terms of the proof mass position in the cavity ; and a vector of
parameters g, a may be composed of such things as boom extensions, hinge

angles, proof mass charge, ete. So,

» > ™ RS
r, = fi(y, ) 8)

-> )
The perturbation effect of f1 on the nominal trajectory §n(t) can be obtained

by noting

o oy y s s |
X = a(x) + i{()'o w) ')
. [N )

X 2 (x|

\ll ( n

Y > -
Loetting Ax = x - X then

.

Y ) » 1S S 3 > -
Ax = % ;1(xn) ¢ Ax 4+ li(,\’. a) (1m
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Thae firat term in (10) s the gradient of the extornnl gravitational
aceelaratlon and ean he aceurately precalenlated,  The neeond term represonts
the effect of the perturbing interanl foreen, The neeond term con he

furthor expanded by Haear lzatton af f1 ahout the potnt (6.3),

Aw ﬁ(ﬁn) v Ax T‘(G.J) oy fl(é.i) oy A 0T ()

or undng an appropriate notat fonal substitution for almplleity
" S o
X

s y‘ » 2 ‘ » x ¥ o4
Ax w G o AK (1(5.m) 40,0V (12)

A detailed explanation of each term of (12) followns

. AX {g the vector difference between the actual flown path, and the
fperfect" drag-tree path. This is the quantity to be determined in real
time aboard the sgpacecraft, and {8 of prime importance for correcting the
actual trajectory flown to the cstimated drag-free path,

>
. G is a tensor (mainly the solar gravity gradient tensor) which

includus the effects of the difference of gravity glong the nominal trajectcry
from that along the actual drap-free trajectory. Gx can be computed and

stored in advance.

o f (6,u) is the total acceleration due to self-gravity, electrostatic
forcos, etc. at the center of the cavity., It looks like a blas, so there 18
no possibility for updating this value from its a priori computed value
uging a measurement y or a. The ohly possibility for obtaining (6,u)
is through a measurement of Az. Furthermore, even with this measurEment,

(G,a) can only be distinguished 1f it looks different from, say, the
solur gravity, By changing orientation of the gpacceratt relative to thoe
golar pravity vector, this diserimination iy possible gggmgg}v<if_ine1tin1
position information is available. Thie procedure may be used during a

calibration phase of the mission.

21
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8ince the effecta due to fj(ﬁ,ﬁ) are "slow," 1t would seem appropriate
to allow these effects to be Ineluded in the ground estimation., Thia amountn
to redefining a nominal trajectory which includes the offeets of fi(&,J) andd
to let AX now reprasent thoe departure away from this new nominal tralectory

¥ “»
duc to proof mass motion, y, and changing spacecraft parameters, o,

Now, the equations of motion reduccto

s 3 N > ‘
AxﬂGx-Axd-éy'y (13)

. éy is the self-gravity gradient at the center of the cavity. Note
that spatial variation in Gy’ as well as variat%gns in hy due to ¢hanges in
-

o are both modeled here as higher ordéer terms. Gy can he computed in

advance.

. ; is the position of the proof mass relative to the cavity ténter. A

measurement of ; is available,

. 3 is8 a vector of spacecraft parameters. If they are
measured, they can be used as inputs to (13). If they are not measured, they
can be assumed to be random disturbances acting on the proof mass.

At this peint, it is worth peinting out that any a priori known inputs

(such as anténna pointing angle) and their effects on the trajectory may be
computed in advance and thus included in determining the nominal trajectory.
Oonly effects which are not known a priori, such as fuel slosh, proof mass
charge, thermal distortions, etc., need to be included in (13).

Equation (13) is casily put into state variable format

- >
d & 0 I Ax 0 -
— . = | . + ”t y ( 14)
dt | ax (R I ¢,
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e tundon of measurement oevor and process dlaturbanee ean aloo be Ine lyded
Por doterminat ton of the varbanee of the atate veetor, 1t should be oot ed
Lhat without updaten ot tho atato Yeom the prowd, the varianes of the

ntate will continue to prow,

AR Charpe ldvptljlvntlnp

After apaecccratt self-praviesy proot mass oloet vostat {e charpe hans
the bigpest dmpact on drag-tree porforman, Both the mechanism of proot
mang charging, and the process of tdentitying praot mass charge will be
analysed,  Reforence 2 tirst showed how bad this could be tor Solar Probe.

Flrat, this section discusses some concepts of oleet rical charping of
the &ﬂnerQM\dnm~ﬁmnnmaurvmﬂlhﬁzfnm\pmwlnuimxufxmcmwth‘
charped pavticles,  The two portions ot the missfon of most concern are
pertfove and perihelion, fho basic phenomenon ol spacecraft charpging fnvolves
the balanee between the charged particle tluxes to and trom (resulting trom
secondary emisgion processes) the spacceratt. A complote analyuais of the
problem cequives Knowledge of the encrgy spoct ram of the pavt {eles as well
ag surface propertios of the spacecraft.  Analysis of charping futernally
also requirves dvtnilvd knowledpe of the spacecralt contigutat ton,

The Ploncer model of the Jovian environment s sat fsfactory for
determindng charging ettects during the perijove phnav.(‘) No nat istactory
model exdsty for solar partfeles, but the Jovian envivomment can be taken as an
uppor bnnnd.(a) No detailed contipuvat fon destpn extuts tor the Solar Probe,
but entimater can be made on the basta of other upacecralt dvninuﬁ.

Reterenee 3 desceribes caleatat tons on Intemal chavpging tor the Galllee
duplter Probes Flpure Dy taken trom that vepoet, shows gsome ol the venutts,

The broken cuvve vepresents potentials on the internal alumfoum st ructure and

"
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ghould be representative of dinternal charplng lovels In the nelghborhoeod
of Jupiter, No sccondary oleetron emdsslon (rom the aluminum structure

was included, 1F the drag~troe mass Is treated as an teolated

apherfcal capacitor, 20 keV fmplics a free charge of ~10’9 voulomba on it
Inclusion of sccondary cmisslon would probably lower this by o
factor of 10 to 100.
The response time of the ball will depend on both the environmerital
fluctuations and the natural leakage from the ball, Since most
environmental changes are probably slow compared to the time constant of
the ball, the charging process should follow the envivonment for iﬁﬂfﬁﬂﬁiﬂﬁ
charging levels. However, 1f the ball is well isolated (c.gp., very low
residual gas surrounding it) the decay time should be very long (houts?).
Alternatively, it will be necessary to provide some continuous leakage
path between the ball and cavity. For example, a low-pressure electro-
negative gas such as SF6 could perhaps scavenge free charge from the sphere
and deposit it somewhere on the cavity surface or vice versa., A more refined
analysis must await a detailed specification of the spaccoceraft configuration.

In fact, a maximum charge level on the drag-froe mass could be made a design
requirement.

Putting aside the proot mass charging mochanism, the effects and
tdentiffeatfon of proof mass charge are yet to be resolved,

Consider the arrangement shown in Fipgure 3, A proof mass of radius

a 1w displaced a distance x from the center of the cavity of radtus b,

.
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Regarding the inside of the cavity as a complote sphorical conductor, the

‘ ) i3
ball-to-wall capacitance has boon shown to be (D) approximately

X \ [T
¢ 4nruh'?n In (l ;‘:) - |I (15)

) , by \ g s
whore v : : 16
b-a ™ by (1e)
- ') + 4 i3
and vy ® 8.856 x 10 12 Farad/m = permitivity of free space.  Also the

gradient of C in the direction of the displacement is:

"

dé _ ?1“0\' ! | m (1 nt) (17)
dx K ! O | IR
-0 .
In the present Solar Probe design, a = .0Mlmand b = .02 m, giving
Vo= 220 Then, if the ball is displaced half way to the wall,
1"
X+ 0035 mand « = 0.5, from which € = 3.21 x 10772 Farad and

dezdx = 2,68 x 10719 Favad/m,

V2

Figure 30 Proot mass and Proof mass housing model
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Now, if the proof mass carries an absolute charge g, it 1s not hard

to show that it 1s attracted to the nearest point on the wall by a force

Thus, if there is a maximum tolerable disturbing acceleration A, then the

tolerable charge is

P-—-—-—l—-
. dC\-1 (19)
la] < C\/ZmpmA(-a;‘)
Well, a 70% gold, 30% platinum ball has a specific gravity of 20, and thus,
m_ = 0.112 kg. Then, for A = 10710 m/secz, we get |q| < 9.43 x 10713

pm

coulomb. Since this is well below the expected levels, something must be.done.

A possible approach to this is to apply varying voltages to the sensor
plates, and thus, excite a metion proportional to q. By observing the actual
motion, we can hope to identify q by estimation. To examine this, suppose for
simplicity that the proof mass is centered, and that a voltage *+ v is applied

to a pair of opposing plates. Then the absolute proof mass potential is q/C,

and the force on it can be shown to be(6)
SR [ER TR
Here C is found from (15) with « = 0:
C - An X (21)




while Cp is the capacitance from the ball to one se¢nsor plate:

de ,
Cp = 21m0a)‘(‘| - e dxp - .,.Oxzs‘gn (

™S
ro
—

where 6 is the half cone angle subtended by the sensor plate at the center

of the cavity. For v = 35 deg and the above dimensions, C = 2.72 X 10"]2

Farad, Cp = 2.46 x 10']3 Farad, and de/dx = 4,52 x 10"]] Farad/m.

Now, if this applied voltage is taken as sinusoidal:

Vo=V s (wt) (23)

then, from (20), the amplitude of the induced motion is:

i

Then if Vo 103 volts, « = 1 radian/sec, and q is the maximum toierable

value from (19), we get x = 2.71 x 1077 m.

While this level of resolution in the proof mass position sensor would
be very difficult to obtain, thore are several possibilities for relaxing
the requirement. First, the ball and cavity dimensions are not yet fixed,

and could be adjusted to increase \ .

. Second, a higher V, Ora lower o

may be possible. Third, a square wave excitation in place of the sinusoid

e8
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(23) would be helpful., Fourth, sonsitivity can be improved by exciting all
three pairs of sensor plates at different frequencies. Finallyy the
estimator bandwidth could be veduced by lowering the feedback gains, thus,
averaging the sensor noise, If, say, 1 lour of settling is allowed with this
w, the required sensor resolution could be increased by a factor of around
60, or 1.6 x 10"5 m with the above numbers. This Tevel was achieved on
TRIAD. While this discussion does not constitute a design, it seems clear

that charge identification by estimation is feasible.

2.4 Estimator.pg§jgn and Variance PPQEﬁﬂﬂEiQD

e b St

The real time integration of the vector equation 13 in Section 2.3
requires that these equations be resolved in some suitable reference
frame. With this accomplished, a nominal spacecraft trajectory and a
statistical description of the proof mass disturbance forces are sufficient to
propagate the covariance of the estimated correction to the position and
velocity of the Solar Probe through the solar encounter. Recall that this
information, aleng with the position and velocity corrections themselves,
is p.ecisely what is needed by the ground estimator to improve the drag-

frec trajectory knowledge. The analytical approach way be summed up as

o
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fobtlows, A dvaanie model of the  perturbed trajectory of the Solar Probe
away From an exaet drap -free path s obtatued n torms of random disturbaneoen,
The veetor equat tonn are resolved fnoa Buler=1tEET aceelerated Urame (neo Fip, 4)
aloee 1Y the solar pravivy pradiont {s castly welitten In this {rame and

D) the apaceeralt madntatus o Cixed oviontatton lo this frame throuph nolar
cncount ot amd honee the gatatist tes of many of the random disturbances arve
likely to be constant.  These are the equat fons which will be integrated
on=line aboard the spacecraft.  The propagation of the radial, in~track,

and erosg-track position and veloeity varlances are obtatned for unit

variance acceleration inputs.  Since the dynamic equations are linear, the
result ing covariances may be scaled and added to it the actual statistics

of the disturbance environment,

The unperturbed equation of motion of the Solar Probe can be written
in vector form as

> (SRS

R = a(®) (25) :
- > ;
whare a Is the external gravitational acceleration and R is the position 3

vector of the unperturbed position of the solar probe relative to the sun.,
Due to random disturbances Fd’ the actual postition of the spacecraft,
and the dynamic equation of motion can be written
R+t=n@®+D 4 t (26) |

The vector difference of (13) and (12) vield

hl
T oda L, ®
| Ty LI A ‘d (.37\
IR

Bquation (7)) ix the perturbation dynamfc cquation of motion. The

B
R} .
natural dynamies ave due to the solar gravity gradient (5;) and the foreed

JR ‘
behavior s due to the proot mass disturbance.
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PERIHELION

2

x i the radial direction

z {8 perpendicular to the orbit plane in the direction of the orbital angular
momentum voctor

. N

y 1is .
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Figure 4. Buler-Hill coordinate frame,

The solar gravity gpradtent in the Fuler-0ill coordinate system of

Figure 4 1y casily shown to be

R R
£Y) .
i@}e—@ 0-1 0 (28)
ROR
Ay
whoere R = |R|
3]

A TN R ISR
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amd the disturbance foreo apd pesition voctor hecomes

x %
I, = £ amd Ty (29)
fz e

8inco the accalevations are measured In an aceoloratoed roferenco frame,

kinematics must be used to derive the following rosult:

L
L3

]
X - 2m§ “ w“% = ay
:‘ " . 9 ,
o= y + 20x - 0y 4+ ax (30)

| : J

where w = 8 is the.angular velocity of the reference frame (aad also
the anguldr velocity of the utipertutbed satellite position
about the Sun)

and o = 5

is the angular acceleration of the reference frame (and

4lso the angular acceleration of the unperturbed satellite
position about the Sun)

From orbital mechahics, R, w; and o ean all be obtained as a function of

the angular position of the sdtellite from perihelion, e,

The two basic equdtions used dre

R = l+4 e‘cos 6 12

Rzé ® he Juop' (32)

Equation (31) is the polar equat fon of a confe section in terms of two known

constants p, the semilatus rectum, and e, the eccentticity of the orbit, ]

depends only on the known orbit angular momentum about the Sun, h,




Fguattion (32) 1s the statoment that the angular momentum of the

waperturbed orbit, h, 14 a conntant, |
0 '
From (VD) and (¥, and dof ndng o new known constant N 1o he 3 (nor

ll
the mean mot [on)
') q

w0 e N(L o con 0)" (N

(1] 0] ' ‘ .
W oe (e gy o B ow d N0(l F o con 0)‘ aln 0 (V)

Jd0 ‘

"o Ly A ‘ (1)
[ ow -g o N7(1 4+ ¢ cou 0)°

R

Collecting the vesults thus far, equation (27) {n the Buler-nilil

+

reference frame can be written

.

X - zw ;’ - (w2+ 21')}{ ~oay 2 f

&

y+2x- (m2 - My + ax = fv (30)
g+ I'y -fz

Furthermore, by rescaling the time variable so that

(37)

=
a.'n.
1§

»
A%

the equations can be condensed to state vériable form.
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nnn N 0 1 0 0 o OM les 0
x! mw3+zrw 0 a® pI 0 0 x' { *
y 0 0 0
N - ; 1 0 0|y . 0
- fy! g =200 @ lh 0 0 ol |y e ' oW
y
3 0 0 0 0 0 1 g 0
g 0 0 -l ' "
S L 0 0 oL |% |
! "
whete () denotes %él ’ f1 - £1/N2 , and
whe (1 + & cos 6)2
a¥s ~20(1 4 ¢ coy 0)3 win 0
e (14 e cos 8)°
These are the equations which must be integrated aboard the
spacecraft in real time. The input forces are those obtained from

knowledge of the proof mass position, the satellite mass distribution, and
the proof mass charge. Note that w®, a*, and I'* can all be precomputed
along the nominal spaceeraft trajectory. For the present discussion,
assuming the f*'s random variables, and perfect initial state information,
it 18 possible to propagate the thé covariance of the state error through

encount;r by usinp
X' & FX + XF! + Q X¢0) « 0 (39)

vhere X is the covariance of the state error, and Q is the spuctral density of
the disturbances.

A final change of variables from scaled time t to 0 yields

djgo) = m%ej-[F(O)X(G) + X(O)FT(O) + Q)] X(6,) = 0 (40)

34
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Equation (40) ia Linear in Q (the forcing fv-2tion) and 8o X may he
obtained for goneral ipputs hy auperposition of the unit solutfons for

Q(2,2) = 1

Q(4,4) =1

0(6,6) = 1

The neminal trajectory atudled wan an orbit of 0,02 AU porihel ton

and ccecentrfetty 1,0, This resultn (n o convenlent vatlue of Ng ~ lOwlO/nocz
The covartancos wero propapated from = 1/4 AU to + 174 AUy 1,04, through
solar encounter and the unit solutlons are shown In Figures 5, 6, and 7,
Note the somewhat strange behavior of all the covarlances,  The wiggles arve

due to the rapidly changing orientation of the reference frame.

As a scale, a random radial dcceleration of 10'10 n[sacz aéting

through the entire solat encounter phase with exactly known ititial
conditions at the start of solar encounter propdgates to a 100-metes

uticettainty in drag-free position along the ; coordintate.

iaincail i
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T GROUND ERTIMATION
1 Objeet bve
Major radtomet rie obfect fves of the Solar Probe minston will be to

oxtract the relat tvist te pavameters vy and g, and the quadrupole moment

3
of the Sun, J,.  ht this report, attent fon hag been divected to the
et fmat fon ot . This estimat fon witl be pertormed by aceurately
o dotermining the trajectory of the spacocralt and relating the devia-
=l
' tton from the pure favorse sguare gravitatfonal path to the effect
o

attributable to J,.

To this end, o pround estimator witl be constructed whifeh mathemat featly

Links Jd, to the trajectory,  Since the estimation will be based on

X

)

1

observat fons of the spacecratt from the Barth, an optimal vstimatorv of E
the Katman tvpe is Indicated,

Py

In ovder to determine to what aceuracy W,y might be cateulated, a sin- i

utat ton was performed,  Because only the varianee of Jﬂ is required,

and 1t will be extractoed from the crajectory, only major contribut fong
to the trajectory bohavior need be constdered in the simulat fon. The
actual estimator will, of course, be requived to aceount for all known

offects,

)
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3.2 Struetuse of the fintimater
Mordinary Kalmat fllter was tmplemented to perform the ent fmatfon.

The moded used for state updating is the Taylor series oxpanslon

for the poaltiun‘(k and veloelty ik of the probe selative to the

Sun augmentaed by an equat ton oxpressing our oxpectation that Jz

will remaln approximately constant, Thus we have

- H 1 42 1. 1.2
| L PR + 0ty * 3 D 5*’+ s Do t3 4 (41)
¥, »r, .+ Dt + L p% + pu
By "G TR TV T -
Jk - Jk-l + wk
k]

[N S
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te e

whare D 1o the time intorval bhetween updaten, and i and T, are der fved
from the solar gravity potentinl, The notation (;ﬁk)l "Xy (;k)? =V,
(gk)j T A, T (xL + y2 + za)nk and (J2)k - Jk 18 ueed,

Stochaat le forees u, ave assumed to porturb the spaceeraft motion, Thene
forcon arlse through deviat long {rom drag=free performance attributable
to spaceeraft sol f-gravitational forces and electromagnet Lo

disturbances to the proof mass, The u. forcee can also have a component of
Yy {

neoree"” associated with model truncation errors or mismodelling of other

gravitational sources such as planets.

For the solar gravitational potential
2

G 3 Ty ( 22
s mx R
X % - 1+4=J,— 1 -5
r3 22 t2 r
G 3 r32 z2
y Gmy | 1433, — \1-5%3
y = - 2
r3 272 r2 r
. 2 -
r 2
. Cm 2 3 8 z
z2 8 -7 1+"‘J hanamr-y 3"’5“‘5)
r3 2 72 r2 r
where L golar radius = 0,96 » 105 km, and
] ', L ] *
X ™ ~-9% x(rz—ﬁx“) + y(-3xy) + 2 (=3x2)
r
. .02 2 .
Ve - 9% x(=3xy) + v("-3v)+ w(-3ve)
o
. . o 2 2
e - 9% x(=1x2) 4 v(=yz) + wlr -3z )
vl

a

(42
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Torms in J2 have heen omitted above beeause of thelr neplipthle effect at

7yy.

thin lovel of expansion, (For the Sun, I, - oetn”

3.1 Data and Trajoctorlen

The estimator is able to process as observables simulated spacecraft

range, range rate, and anpular poslition measurements obtafined from a
single station located at 45° N Latitude.-..Observations are generated

regularly at one minute intervals. For purposeés of this simulation,

= the earth is agsumed to be transparent. The measurement equatfons are
Range
2, = |ag] +v g =25m (44)
1 1 v,
Rangé Rate
Ax * Ar
m + = Y
2, ~Tz?q-~ vy UVo 0.5 mm/sec
Angulat
-1 | or .
z4 = tan —TGEL- + Vq o, = 0.05 urad
x 3
- -11. Az =
z, tan 172 + V4 av 0.05 prad

2 2 4
(Arx + Aty )

T
whete A£ & (x, vy, z’]ptobé - [x, y, z]Earth

T AN D AN L




The ahove o'a are connletent with current oxpectations for

accuraciaes achilevable with radiometric ohservables tn the late
1980's, The values for °v3 and uvb
through an operational AVLBI aystem

as now contemplatod. for the
Callleo mission,

A discussion of possible lmpediments to obtain-

ing the indicated aceuracy for the range rate measurement oteurs
later,

The initial value for the state covariance matrix P as required by
the Kalman filter was chosen as follows:

2 2 2 2 2 2 2
Po = diag (cp, cp, op’ Oyr Ous O O )

where ap = 10 km, o, = 10 em/sec, and o, = 10 .

J

The above accuracies are easily achievable by the usual tracking

algorithms in use today, and can be generated well before solar

encounter, While this a priori 9 is questionable, it will be

seen that the important results are not very sensitive to it.
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s )! ; {"’"?}-‘; ';_‘ »+~d+f:l § 'Lu I '-j"’u'u" :

Orbicdl informacion for the-Farth and probe ia read it by the program during
the—tun as.orbitdl elehonts—(a, e, i, Mb' w, . This informatiofn coupled
with a variadle time from epoch (also rcad in) 1s convetted to (x,y,2)
coordinatos, in which form the Farth and proba position and veloelty are

mappoed in time,  The geometry of M, w, and § are Indfeated tn Mgure 8,

Note that M {s a mean anomaly,

N

Periapsis

/]

v

Figure 8, Orbit~l elements,

Preliminary Results

For comparison studies, a baseline casge was selected and variations

of Individual parameters made around the baseline. For reasons discussed

later, only range and range-rate observatfons were used in the basoline

case,  The following paramotoers were chosen for the baseline case:
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8
Earth Rlements: (1.5 x 10 km, 0.02, 5.7°%, 07, 0°, 45°)
8
Probe Eler- Ata! (3.914 x 10 km, 0.9928461, 90°, 0°, 180°, 909)
(Aphuliou at Jupiter, perihclion ot 4 solar radii)

8 -9

L (self=gravity process nolse) = 107 m/ﬂoez (10 7 @)

°J2 (process noise on Jz) = 0
Start of estimation : Perihelion - 40 hrs

End of estimation: Perihelion + 40 hra.

The above probe elements embody current thinking in trajectory design

for this mission. The elements represent an aphelion at Jupiter which

{g used in a close swingby to create a highly eccentric polar orbit with

perihelion occurring at four solar radii.

The estimation procedure is chosen to start and end at a far enough
distance so that no J2 information is lost. The times, t40 hours,

correspond to perifocal angles of * 137° and a distance from the sun

of 29 solar radii (0.14 AU).

The self-gravity noise level is chosen to torrespond to a nominal

1evel of drag-free performance.

A large number of gimulation runs were performed. The measure of
goodness of any particular parameter get or encounter geometry is
chosen as the minimum o for the ertor in the estimated value of J,.
The behavior of gy is plotted for the baseline case in Figure 9.

The notation AR = 6 -Q. ., 1s used. The behavior of o is
probe  Earth J

shown for a significantly poorer geometry (AQ = 90°) in Figur% 10 and
for a slightly better one (A = 165°) in Figure 11.
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Figure 9, Bchavior of 9y under baseline conditions.
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Figurc 10, Bascline cxcept 9 = 135° (AR = 900).
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Figure 11, Baseline except Aw = 200°.
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gome of the qualitative appects of the eatimatlon problem can be
tdentifted tn these figures. Tha flattoning of the curve for OJ
16 indieative of a lopa of eatimntion eapnhility at that point. 2

The flattenlag of the eurve at oreounter minua five minuten In

Figure 9, for example, corranponds roughly to the probe'n pansape

over o pole of the Sun,  The very poor averall entdmat fon hehavior exhiblted
(n Figare 10 can be attreibuted teo ohaerving the probe from a dirveetion
normal to the flipht path for wideb thero fo no probesindueed dopploer shife,
and thus, no information for cotimating Jz.

The poor behavier when perihelion occurs at the solar cquator (1 = 0
{n Figurc 9) might be attributed to one or more of the following

reasonyt

(a) Observability of J i8 poor necar the equator.

(b) There 1is no probe-induCLd doppler shift when the Barth and probe
are in exact opposition, and thus no information for estimating J,.

(¢) The point of closust approach, which should be the point of :
greatest effect of JZ’ occurs when J2 cannot be extracted because

of (a) or (b) above.

Figure 12 shows the behavior of 05, as a function of AQ3 Figure 13 shows
the behavior as a function of the probe'y argument of perihelion; and

Figure 14 as a function of probe inclination.

A study of Figure 13 indicates a significant improvement from the baseline
case when the probe perihelion is moved away from the solar equator

(0 = 1809) in either direction, Ordinarily, a change in » would require

a change in the line of apsides with a cohcomitant large energy cost.
Fortunately, the Sun's polar axis is shifted apptoximately 7.25° from

-

the normal to the ccliptic. Thus, by timing the approach correctly, a shift
in ® of up to 7.25° may be obtaincd essentially for free. Referring to
Figure 13 we see that a 7,25 ghift to cither side of 180" reaps most of

the of f-oquator benefit available.
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Further compartnon runs were performed for whicl perihelion wan varled

from 3 to 10 solar radii, The resulta from both the baselne and an
tmproved paramotor sot (1-82°, w~187°, AQ=150") at v
shown In Flgure 16,

arfous radit are

Finally, the level of random acceleration noise was varied at several
Llovels of doppler measurement accuracy,  Results are presented {n Flgure 16

for the baseline case and in Flgure 17 for the following improved geometry

Case:

Earth Elements: (1.5 x 108km, 0.02, 7.25°, 0°, 0°, 90°)

Probe Elements: (3,914 x 108km, 0.9928461, 95°, 0°, 187,25°, 230°)

We observe that in the left-hand portion of the graph, estimation
performance is dominated by the doppler accuracy. On the right«hand
portion, performance becomes strietly a function of the drag-free noise
level. We note that unless 0} can be brought below the approximate

0.4 mm/sec level(over 60 sec. integration periods) there is no level of
drag-free performance which will allow cstimation of J, to the 10—8
accuracy desired for this mission. i

Comiment s

The initial version of the simulation program would not work. The

estimated state diverged badly from the "true" state. An investigation
of the gravitational forces invelved and the method of propagating the
equations of motion led to a solution to the problem and an insight {unto

potential problems the mission software might encountor:
(a) Solar force terms had to include terms to ¥ in the discrete update,
(b)  Time steps had to be relatively small (10 sec/step at perihelion),

4
. ] 4, 4 4
(¢) 1t was found that relativistic torms of order (v'/e?) pencrate accoleva-
. -1 2 g
tions of order 10 J m/see” at porthelion, Fhus, the current JPL orbit

determinatfon program which neglects these torms might need to be



O’J2

107¢

100

\-‘ i = 82 deg
w = 187 deg
/ l A = 150 deg
1078 7
1077
2 4 6 8 10 12

PERIHELION DISTANCE, solor radii

Figure 15, Mintmum o

J

2

as a function of perihelion distance.
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updated to ineluda them. We noto that t he Peculiaritias—of
this mission wil} likely roquire othor changeg,

changea ara initiated, a11 misaion requirements should he careful ly
Investigatod,

Bofora any

Initial trialas indicated that angular measurements, eith

through VLBI or indirectly through doppler me
influence on improving filter state estimates., A quick calculation gave
an 8 km angular position resolution for AVLBY and a 75 km angular resoly-
tion from the doppler data. Sinee Bteady state position errors are of the
order of & few hundred meters it became clear that currently available

be useful for tracking purposes. Thus, the
formed with only range and doppler as

er diroctly ‘
asurements, had very little

observables,

For the case of doppler data, the implication was that low declinations

(for which the angular information vanishes) would not adversely affect the

eéstimation results. This supposition was tested empirically and found to

be true,

Because it is clear that the doppler data will be the dominant data
type, special attention should be given to it in preparation for the mission.

A possible problem area might be the doppler integration time requirement., For

interplanetary missions no great change in the doppler signal is expected with

averaging over a few minutes time. For the Solar Probe mission, this is not

true — the spacecraft ig moving very rapidly (v 300 km/sec) in a rapidly

changing gravitational environment. Thus, special doppler processing beyond

simple averaging might be required. Furthermore, multiple, frequent,

-3 2
discrete accelerations of the drag-free thrustors at the 10 ™ m/8ec® level

could seriously degrade or even impede doppler performance, In any case,

57




P e LT PV R RPN RN | S

PV
x

the extraction and proceesing of doppler datn ghould be an Ltem for early

attontlon,

In the generation of the observatlona, two of the largeat unmodaled
orrvr sources wore Ineluded.  Theso are station location errors and Earth

ephemeris errors.

Statlon location crrors were chosen from values consistent with currently

(7)

known accuracics. In cylindrical coordinates these arc of magnitude:
Radial - 1 meter (lo)
Longitudinal - 2 meter (lo)

Spin axis - 10 meter (lo)

It was found that station location errors of the above magnitudes did
not adversely affect the estimation process until thé larger values of

gself-gravitational disturbances were used.

Earth ephemeris errors to which the ephemeris providers will currently

(8)

commit are as follows:

Radial -~ 10 km (lo)
Downtrack - 40 km (lo)

Out-of-Plane - 70 km (lo)

It was found that Barth ephemeris errors, even at levels only 1% of
the above magnitudes, were extremely destructive to the estimation process.
Over the approximately three days of perihelion encounter however, these
errors will remain nearly unchanged, Thus, if the filter is expanded so

that these terms are estimated, it is reasonable to believe that their

deleterious effects will be overcome.
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As can he seen from the above, there are many navigation aspecta of

a Solar Prabe drapg-frea mission which noed further attention, —Fven
the current ideas concorning the haseline misaion necd oxamination.

We note that ncarly every variation {rom the curront bascline given
somc measutd of improvement in the cotimate of O 5 of cournq, do
mentioned previously, therc art other ohjoctives Eo the 8olar Probe
mission, and the trajectory cannot be designed for Jz estimotion alone.
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4.1

SELF~GRAVITY

Spacecraft aolf-gravity will he one of the largeat perturhationa of the
drag=free aystom, with speeific forces at the aonsor on the order of
3x10'8 m/aoez. There will also be time-varying changen in solf-gravity

due to articulatod instruments, propoallant cxpenditure, thormal distor-

tion, ete. We must therefore devise some strategy to estimate or

calibrate the self-gravity parameters to obtain the required accuracy,

which may be as tight as 10"9 m/secz.

Mathematical Model

The spacecraft may be considered to be an assembly of masses at various

positions about the drag-free semsor. Defining a coordinate system with

the origin at the center of the sensor, consider one of the individual

masses M_ at some position'in from the sensor.

> &)

rl’l T Mn

Drag-Free Sensor

The gravitational potential at the origin due to mass Mn is given by:

o . (46)

Where G {8 the universal gravitational constant,

V0 ls not useful in any direct way, but the next two derivatives (with

>
respect to rn) are. These gilve us the acceleration (or specific force)

>

> >
fn and the gradient of the acceleration Gn’ as follows:

: e ke e e s -
e et ot et e o

JUNRS 3



YOIV

e

L

I 4
" —_— (47)
"-*
Irnl ‘
1
M
> N n ]
0w TR (48)
’ N h
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> .
Spatial variation of Eu and higher order terms is negligible.
>
The total acceleration (?i) and gradient (Ey) at the sensor is just the sum of

individual contributions:

GM
=5 0
T o= 2% (49)
2 |
n ;
3 "1
G =% 3+ OM ‘ (50) ”
vy n rr n

il ->
+ T
Ti and 6y now represent the initial self-gravity and the gradient thereof. How-
ever, these parameters may change with time due to changes in mass or position.

A change in mass of an element will clearly produce a proportional change in that

element's specific force, and the total change in self-gravity will be the sum

of the individual contributions, or:

AM
Aft =3 -ﬁ-‘l ?n (51)
n

If mass Mn changes position by an amount A?n and the positional change {s small g

4

vnough so that 6n 1s not significantly affected, then the total change in specific

force at the sensor due to all motions can be written:
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H - P ¥ )
Ay = -k Cn' Ar, (52)
3
Tt 1a poaslble to have rolatively large motlona for whieh Gn
-
! 4,.
In which case we must integrate tho quantity &n‘ rn drn from tho starting pop=

changen appreelably,

[tion to tho final powition.

Liquid propcllants present the problem of simultancous changes in mass and loca-

tion. With a propellant level measurcement ap, the mass distribution and thoerefore

the self-gravity should be deterninable, or:

A?i = ?(ap) (53)

The function ?(ap) will not be a straightforward one, but some simplified mod-
eling undoubtedly be done depending on specific applications. Tanks which do not
have positive propellant control will need additional study in that the measure-~

ment of remaining fuel may be insufficient to completely determine the mass dist-

ribution.

Structure deformation and thermal distortion can be considered as an extension

of the moving mass case. For each mass element, several spacecraft parameters
(structure temperature and strain readings) may simultaneously affect that clement's

position. For small deflections, all effects can be consldered independent and

linear, so that we can write:

> 3 > ’
At =84 (54)
n n
>

%
Whetre Sn 1s a tensor, specific to each mass element, which converts the overall
>

set of readings o into a posltional change, §n should be determinable from

configuration and thermal oxpansivity information,
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- >
combining (54) with (52), and defining a new tensor B = Hangn’ we can aolve

for fix

'fi . (55)

Apain, highor order terms will ba negligible,

| Howavar, our assumption of indepondont offocts may not be valid in that may

~ i
ijb ' overdeterming the opacceraft's mass distribution, Tn thin cane, we could '
2 *

derive D from some sort of least aquaras fit, weighted with the assumed

quality of the individual sensore, This has the virtuc that if a scnsor should ?
-

» fail, we would merely replace B by command with a new best fit solution,

containing a column of zeros corregponding to the failed sensor, 1In any case,

>
il might be improved by in-flight ealibration,

4,2 Application !
The first step in defining a drdag-free system for a spacecraft is to h
determine what accuracy is required, and then develop an error budget !
to distribute the allowable error among the various sources, The %
report of the '"Mass Attraction of TRIAD 1/ DISCOS"7 provides a good ;
example of this procedure.

An attractive alternative to the TRIAD method of extensive mass attraction

calculations and tight manufdcturing tolerances is the possibility of in-
. flight calibration., S8ince we are concerned only with the accuracy of

the knowledge of spacecraft self-gravity and not trying to obtain any !

specific value, a program of ground tracking and prescribed spacecraft

maneuvers could prove a more cost-cffective way of determining the self-

gravity parameters,

The drag-free system might be further simplified by climination of the
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EY
3yo ; tarm ({n-Chapter 2, oq, 14), where ; ia the proof mass displacement,

through the use of an integral contral. acheme which would force . the avaerago
value-of ; to zero, The same result cam bo gotten. by tightening the-deadband
of the proof mass, thus reducing the impact of %y ’ ;; or %y can be reduced
é% by careful compensation of the calculated gradfent, In~flight gradicnt

compensatlion would prebably credte more problems than it would solve,

For the Solar Probe spacecraft, the overall drag-free accuracy réguirement
i will. be in the range of 10"'7 m/sec2 to 1077 m/geéz. Proof mass charge and
spacecraft self-gravity will be the main sources c¢f drag-free uncertainty,
so the following table has been generated assuming 10% of the total allow-
able error can be produced by a single item. ZFtems are listed in approximate
order of importance. The cohfiguration used for this table was taken from

Reference 8.

Figures 18 and 19 can be used to find the acceleration and gradient fields
produced by a point mass at any distance. The tables give components in the

radial direction; horizontal~horizontal components are half this value,

64




-ssem £q paonpoid (UOTIBIITIVOE) 32103 o13I00ds gl 2an3Td

SSYW

3ONVISIa

AR



-ssew £q paonpoad usipea8 L3TABI) g 2In8I3

6460 1 6201 61 wbgo 1 wbQ | wh |

66




T

Accuracy Factors N
10'"9 m/H002 ® Less than 1% errvor allowed in calculating (or calibrating)
self-gravity acceleration,
¢ Articulations, deployment, ote,, will have a major
although causlly accounted for impact on self-gravity
specific force. No special sendors will be required,
¢ Knowledge of propellant mass and location is critical:
new methods of propellant measurement may be required.
@ Self-gravity gradient and proof mass position will be
important.
@ Thermal distortion may have to be measured or predicted
for a few critical elements of structure.
& Spatial variation of the gradient could be important

for large (5 mm or 80) proof mass excursions.
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10“8 m/nuvg O Self-gravity aceelorvation must atill be found, but a
amall scale analysis for a priori detormination, or a ‘
short {n-flight calibration period should be sufficient, ;

¢ Only some of the articuldted instruments will have to
be modaled, and even those will need only back=-of-envelope
definitiomt,

® Propellant level must be tracked, but cxisting measurcment
techniques are adequate.

® Rough calculation of the gravity gradient should be

aceurate enough,

10_7 m/svc:2 ® With a reasonably spherical pickoff housing, everything

can be neglected.

The preceding list is a fairly generalized one, but some more specific require- X
- 2
ments for Solar Probe have been calculated for 10 9 m/sec” accuracy., They are

included here to give a feeling for the dynamic constraints on the spacecraft.

Antenna - must know orientation within 18 degrees.

Telescope - must know pointing position within 2 degrees.
Spin platform - must know position within 4 cm, *

Structure thermal warpage - must know temperature of sensor support
structure within 70 ¥, f

Mass Loss = must know mags of main shicld within 3.3 kg,

Propellant - must know masy within 1.5 kp and position within @ wm.
Extst ing techniques of measuring pressurant pressure or bookkeeping
thruster Cirings may only be accurate to 8.7 kp, Positive propellant

control, such as a diaphragm  or beltows type tank, will be nceded,
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Summary of Self-Gravity

The Inelunton of a drag=free sonsor on a multIpurpone spacocralt witl

not tmpose any harsh roquirements on the destpn,  Only the highest

forcseeable Tovel of drag=tree accuracy will require a moderate amount

of work and possibly some propellant tank development; otherwlse existing
tochiniques and simple analysis will suffice. Proof mass position and
structure warpage are the only "fast" variables to be handled by the

on~board estimator, and the chances are good that even these do not

seriously impact the drag-free accuracy and may be dropped from consideration.
All other parvameters are "slow'" and/or predictable, and can be handled

in the ground estimator,
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